The objectives of this study are to describe the local interannual variability in southern Québec, Canada, streamflow, based on wavelet analysis, and to identify plausible climatic teleconnections that could explain these local variations. Scale-averaged wavelet power spectra are used to simultaneously assess the interannual and spatial variability in 18 contiguous annual streamflow time series. The span of available observations, 1938-2000, allows depicting the variance for periods up to about 12 yr. The most striking feature, in the 2-3-yr band and in the 3-6-yr band-the 6-12-yr band is dominated by white noise and is not considered further-is a net distinction between the timing of the interannual variability in local western and eastern streamflows, which may be linked to the local climatology. This opens up the opportunity to construct two regional time series using principal component (PC) analysis. Then, for each band, linear relationships are sought between the regional streamflow and five selected climatic indices: the Pacific-North America (PNA), the North Atlantic Oscillation (NAO), the Northern Hemisphere annular mode (NAM), the Baffin Island-West Atlantic (BWA) and the sea surface temperature anomalies over the Niño-3 region (ENSO3). The correlation analysis revealed the presence of a change point in the streamflow time series, as reported by others, occurring around 1970. For example, the west and east 2-3-yr bands are positively correlated to PNA since 1970, which was not the case prior to that change point. The proposed regional east-west divide is particularly evident prior to 1970, with a negative NAM correlation for the west and a positive NAM (and negative ENSO3) for the east. The picture for the less energetic 3-6-yr band is mixed, with alternating dominance of teleconnection patterns, but the 1970 change point holds.
Introduction
Day-to-day variations of weather are to a large measure determined by the passage of atmospheric systems that vary in size, genesis, and effect depending on earth locations. Persistence of storm tracks or blockages reflects locally on the interannual variability in climatic variables, which are key elements in understanding the underlying dynamics of the hydrologic cycle. Recognition of low-frequency fluctuations leads to changes in the interpretation and utility of hydroclimatic records. The identification of coherent low-frequency patterns may also be relevant to the interpretation of long-range persistence (Rajagopalan and Lall 1998) . Further, changes in the terrestrial hydrologic budget, including the amount and seasonality of precipitation, evaporation, snow water equivalent, the timing of snowmelt and runoff may influence terrestrial ecosystems (Serreze et al. 2000) .
This study is concerned with southern Québec, Canada, streamflows, where the annual peak flow is usually associated with the spring snowmelt. Assessing changes in the atmospheric components of the northern midlatitude hydrologic budget is difficult, even for a standard variable such as precipitation, since the station network is fairly sparse. There are also significant problems of undercatch of solid precipitation (Woo et al. 1983 ). The heterogeneous nature of rainfall also asks for a large number of weather stations for an accurate characterization of rainfall patterns over large areas. Since river systems act as comprehensive integrators of precipitation over well-defined watersheds (Amarasekera et al. 1997) , annual streamflow observations can serve as a pertinent index of the interannual variability in the northern midlatitude.
Fluctuations of river discharge have been associated with El Niño-Southern Oscillation events in many rivers throughout the world (e.g., Waylen and Caviedes 1990; Redmond and Koch 1991; Dracup 1993, Dracup and Kahya 1994; Eltahir 1996; Kiem and Franks 2001) . The picture for southern Québec rivers, as for many mid-and high-latitude rivers, is not as clear, and other teleconnection patterns must be sought to understand the observed interannual variability (e.g., Coulibaly et al. 2000) . At the end, identification of such teleconnections could help improve long-range forecasts, which is a critical part of the development of optimal reservoir operation policies for flood control, power generation, and water supply.
Most previous interannual variability assessment studies are either based on direct correlation to identify strong statistical relationship between the climatic variable and the teleconnection pattern indices (e.g., Yarnal and Diaz 1986; Redmond and Koch 1991) or more recently on a nonparametric multitaper method of spectral analysis (Rajagopalan and Lall 1998 )-a more direct measure of the occurrence process. All these approaches assume stationary time series, but continuous wavelet analysis have revealed that the interannual variability of phenomena such as El Niño-Southern Oscillation and the North Atlantic Oscillation are nonstationary, since their variance changes in frequency and intensity through time (e.g., Torrence and Compo 1998; Higuchi et al. 1999; Coulibaly et al. 2000) .
The objectives of this study are to describe the local interannual variability in Southern Québec streamflow, based on wavelet analysis, and then to identify plausible teleconnections that could explain these local variations. A description of the datasets is first provided. The continuous wavelet analysis is next outlined. Results from the analysis are then reported, and finally some conclusions are drawn.
Datasets
The analysis is based on two types of data: streamflows and teleconnection pattern indices. Both types consist of annual means, in order to eliminate the strong seasonal variability inherent to Nordic rivers, where spring flooding lags most solid precipitation by many months.
Daily streamflow observations gathered from 18 contiguous southern Québec gauging stations are available for the proposed analysis. Figure 1 illustrates the location of the gauging stations spread along the lower St. Lawrence River and estuary, which are identified in Table 1 . Continuous observations span from 1938 to 2000 (hydrological years from December to November). Watershed areas vary from 208 to 5820 km 2 , while the coefficient of variation (CV) of the annual streamflows oscillates between 0.16 and 0.27. Some series are partly reconstructed, when gauging stations has been moved to a new, but near, location. There are six natural rivers in the dataset. Regulating constructions modify daily flows of the other 12 rivers, but it is believed that their annual means are unaffected since all the water stocked inside reservoirs is evacuated within the same hydrological year. The regional homogeneity of the dataset is illustrated by Fig. 2 , where natural rivers are described by squares and regulated ones by circles, since the coefficient of variation does not vary as a function of basin area (e.g., Smith 1992) . Moreover, no systematic differences are depicted between regulated and natural river time series. The other few available time series are found strongly influenced by regulating constructions and are not included in the analysis.
Previous studies have identified several climatic patterns that appear and persist in the Northern Hemisphere. Two of these are the Pacific-North American and the North Atlantic Oscillation (NAO) that are found to be the predominant patterns for displaying low-frequency variability (interannual to decadal timescales) in the Northern Hemisphere (e.g., storm track and temperature changes; Barnston and Livezey 1987; Lamb and Peppler 1987; National Research Council 1998) . The NAO is a large-scale alternation of atmospheric mass with centers of action near the Icelandic low and the Azores high. It is the dominant and persistent mode of atmospheric behavior in the North Atlantic throughout the year-explaining on average 32% of the variance in monthly sea level pressures (SLP) (Cayan 1992 ) but with even greater dominance during the winter. The NAO index used in this study originates from Hurrell (1995) who exploited SLP anomalies from Lisbon, Portugal, and Stykkisholmur, Iceland. While exhibiting considerable interannual variability with concentrations of spectral power around periods of 2.1, 8, and 24 yr (Cook et al. 1998) , the NAO has been in a generally positive phase since about 1970. A significant coherent relationship between the NAO and the North Atlantic sea surface temperature has been recently found at interannual and interdecadal timescales (Higuchi et al. 1999) . The signature of the NAO is strongly regional and can be directly tied to variations in regional precipitation. Therefore the NAO index may be a relevant variable to the regional hydrology. For example, in a study on interannual variability of Canadian snow cover from 1915 to 1992 (Brown and Goodison 1996) , significant winter NAO-snow-cover correlations were observed in Ontario and southern Québec, specifically in December. Another study (Brown 1995) has shown that the influence of the NAO circulation pattern on winter snow cover was mainly confined to southern Canada. Conversely, northeastern Canada seems to be dominated by the Canadian Polar trough, which is dynamically reflected by the Baffin Island-West Atlantic (BWA) pattern, as defined by Shabbar et al. (1997a) to establish more clearly the connectivity between the intensity of the western structure of the NAO at the 50-kPa-height level and the surface temperature in a region extending from 45Њ to 70ЊN. This clearly includes the present study area (Fig. 1) . Coulibaly et al. (2000) have found that the BWA provides better forecast improvement for annual runoff in the northern Québec and Labrador region (a region located immediately to the north of the present study area) than the NAO. The BWA index has also been found more pertinent to explain the temperature variability in northeastern Canada than the NAO index (Shabbar et al. 1997a) . Therefore, the BWA index may be an important climatic pattern to be considered in this study.
Prescribed station-based indices are now criticized, as nonoptimal representations of their time-dependent behavior of their own associated spatial patterns (Wallace 2000) . For example, rather than using a prescribed station-based NAO index, one may use the leading natural mode of variability as determined from principal component analysis of the hemispheric or global SLP field, based on observations or model control runs. Thompson and Wallace (1998, 2000) worked along that path when they estimated the monthly time series of the Northern Hemisphere annular mode (NAM), originally called the Arctic Oscillation. The NAM is shown to exert a strong influence on wintertime climate throughout mid-and high-latitude continental regions, affecting not only the mean conditions, but also the day-to-day variability associated with storm intensity and the occurrence of high-latitude blocking (Thomson and Wallace 2001). The NAM is considered as a physical mode of variability of the hemispheric circulation and not an ''artifact'' of using prescribed observation stations. Wallace (2000) has shown that winter NAO can be regarded as distinct from the annular mode only if one insists upon defining it in terms of a particular station-based index. Serreze et al. (2000) consider the NAO as a major component of the NAM, with cold-season correlation of about 0.8. The NAM pattern, like the NAO, has been generally positive since the early 1970s.
Another persistent pattern that has to be considered in the Northern Hemisphere is the Pacific-North America (PNA), defined as a measure of atmospheric response to a warm sea surface temperature anomaly in the central equatorial Pacific (Wallace and Gutzler 1981) . The PNA has been found to be a dominant mode of variation in the midlatitude during the winter months. It has been shown strongly related to precipitation and temperature within the same season in the western United States (Redmond and Koch 1991) . Strongly positive and negative PNA indices are associated with warm events (El Niño) and cold events (La Niña), respectively, and with North American precipitation and temperature anomalies (Yarnal and Diaz 1986) . It has been found that the pressure anomalies associated with the different phases of the PNA alter the normal upper-atmospheric patterns, thus affecting temperature and precipitation patterns over various regions of North America (Shabbar et al. 1997a) .
In addition to the NAO, BWA, NAM, and PNA indices, indicators of the El Niño-Southern Oscillation (ENSO) are also selected for this study. The ENSO phenomenon is characterized as a spreading of warm water off the coast of South America from the equatorial central Pacific to the eastern Pacific, and is associated with climatic anomalies throughout the world. The ENSO index used in this study is the monthly mean equatorial Pacific sea surface temperatures (SST) anomalies over the Niño-3 region (5ЊN-5ЊS; 90Њ-150ЊW; Rasmusson and Carpenter 1982) . For notational simplicity, ENSO3 will be used herein to denote the SST anomalies over that region. The influence of ENSO on streamflow is well documented (Waylen and Caviedes 1990; Redmond and Koch 1991; Kahya and Dracup 1993; Dracup and Kahya 1994; Eltahir 1996; Kiem and Franks 2001) and subsequently the use of the ENSO-streamflow relationship for predictive purposes has been studied extensively in recent years (Moss et al. 1994; McKerchar et al. 1996; Piechota et al. 1997 Piechota et al. , 1998 Piechota and Dracup 1999; Coulibaly et al. 2000; Gutiérrez and Dracup 2001) .
It is noteworthy that some climatic indices are relatively interlinked over some time periods. As indicated previously, the BWA index is considered as a ''sister of the NAO'' (Higuchi et al. 1999) ; PNA and ENSO3 are connected as documented previously; and a complex relationship has been recently shown between the NAO, ENSO, and PNA patterns (Huang et al. 1998 ). However, a dynamical relationship between climatic patterns remains controversial and warrants further research (Shabbar et al. 1997a; Diaz et al. 2001) . Therefore, the selected climatic patterns are used here as independent variables in order to find whether the proposed method can extract relevant information from a typical climatic pattern.
Methods
Wavelet analysis is becoming a common tool for analyzing nonstationary variance at many different frequencies within a geophysical time series (e.g., Torrence and Compo 1998; Smith et al. 1998; Labat et al. 2000) , and its use is spreading to studies of the interannual variability in climate series (Shabbar et al. 1997b; Hu et al. 1998; Higuchi et al. 1999; Lucero and Rodriguez 1999; Coulibaly et al. 2000) -the following description is limited to the needs of the present study, the readers are referred to other sources, such as Labat et al. (2000) , for a more thorough description of wavelet analysis capabilities in hydrology. The continuous wavelet transform W n of a discrete sequence of observations x n is defined as the convolution of x n with a scaled and translated wavelet () that depends on a nondimensional time parameter ,
where n is the localized time index, s is the wavelet scale, ␦t is the sampling period, N is the number of points in the time series, and the asterik indicates the complex conjugate. Since complex wavelets lead to complex continuous wavelet transform, the wavelet power spectrum, defined as | W n (s) | 2 , is a convenient description of the fluctuation of the variance at different frequencies. Further, when normalized by Ϫ2 (where 2 is the variance), it gives a measure of the power relative to white noise, since the expectation value for a white-noise process is 2 at all n and s. Table 1 ). Time series of mean annual streamflows. (b) Normalized local wavelet power spectrum of the streamflows using the Morlet wavelet. The shaded contours are at normalized variance of 1, 2, and 4. The dashed curve depicts the cone of influence beyond which the edge effects become important. The white contour lines enclose peaks of greater than 95% confidence for a red noise with a lag-1 coef ␣ of 0.35. Figure 3b illustrates the normalized local wavelet power spectrum of a typical streamflow time series (Fig.  3a) using the Morlet wavelet-a complex nonorthogonal wavelet consisting of a plane wave modulated by a Gaussian:
where 0 is the nondimensional frequency. The advantage of the Morlet wavelet over other candidates such as the Mexican hat wavelet resides in its good definition in the spectral space. For 0 ϭ 6 (used here), the Morlet wavelet scale is almost identical to the corresponding Fourier period of the complex exponential, and the terms scale and period may conveniently be used synonymously (Torrence and Campo 1998; Torrence and Webster 1999) . The left axis in Fig. 3b is the equivalent Fourier period corresponding to the wavelet scale (hence-forth called wavelet period), and the bottom axis is time. The shaded contours are the normalized variance in excess of 1, 2, and 4. Features with variance larger than expected for a white-noise process reveal that the interannual activity is organized in preferential bands of wavelet periods. These bands, 2-3, 3-6, 6-16, and beyond 16 yr, have been reported by other investigators in precipitation and streamflow time series (Rajagopalan and Lall 1998; Coulibaly et al. 2000) . This suggests the choice of the scale-averaged wavelet power to further examine fluctuations in power over specific ranges of wavelet periods (bands). Scale-averaged wavelet power is defined as the weighted sum of the wavelet power spectrum over scales s 1 to s 2 :
where ␦j is a factor that dictates the scale resolution (chosen as 0.1), and C ␦ is a reconstruction factor specific to each wavelet form; C ␦ ϭ 0.776 for the Morlet. This approach also allows increasing the degree of freedom of the power estimators. In Fig. 3 , the dashed curve depicts the cone of influence of the wavelet analysis (Torrence and Compo 1998) . Any peaks outside the cone of influence have presumably been reduced in magnitude due to the zero padding necessary to deal with finite-length observations. For example, it is possible that activity around a period of 20 yr in Fig. 3 -see, for example Hu et al. (1998) for an exploration of such period-carries on at both ends of the time series instead of diminishing as illustrated. For the span of available streamflow data, it is thus not reasonable to consider wavelet periods much beyond 12 yr. Three bands of wavelet periods are henceforth examined in greater detail: 2-3, 3-6, and 6-12.
Finally, the power spectrum produced for a given time series is the product of the natural process involved and noise. The contour lines in Fig. 3 identify peaks of greater than 95% confidence for a red-noise process with a lag-1 coefficient ␣ of 0.35, following the Monte Carlo analysis of Torrence and Compo (1998) based on the univariate lag-1 autoregressive process. It must not be presumed that regions of the power spectrum out of these 95% confidence level areas are the product of noise only. The natural process is also present in these regions, but influences the power spectrum to a lesser extent. The coefficient ␣ is series specific and is estimated for each series.
Wavelet analysis results
Scale-averaged wavelet power spectra at multiple locations allow simultaneous assessing of the spatial and temporal variability of streamflow data. Figure 4a shows a power Hovmöller (Torrence and Compo 1998), a timelongitude diagram of the normalized scale-averaged wavelet power for the streamflow observations in the 2-3-yr band (actually 2.0-3.03) at the longitude location of each gauging stations. All scale-averaged wavelet power time series [Eq. (3)] are combined in a two-dimensional contour plot, with 95% confidence level computed using the lag-1 autocorrelation at each site. To allow the juxtaposition of streamflow from watersheds of different sizes, each scale-averaged series are normalized by Ϫ2 of the original series. The zonal average of the power Hovmöller (Fig. 4b) gives a measure of the temporal fluctuation of the streamflow over the entire area. For instance, activities in the 2-3-yr band account for up to 0.7 2 from about 1975 to 1985, with a second but less important peak, 0.5 2 , between 1945 and 1950. In fact, the longitudinal distribution of the power spectra of Fig. 4a reveals lots of similarities between neighboring series, but different timing between the western and eastern streamflows. A potential suspect for explaining this discrepancy is the strong oceanic influences that prevail over the eastern part of southern Québec. Figure 5 presents the power Hovmöller for the 3-6-yr band (actually 3.03-6.06). In this case, the general level of activity is less than for the precedent band (2-3-yr), since it accounts for about 0.25 2 for western sites and 0.3 2 for eastern sites (Fig. 5c) . The 3-6-yr band shows only one peak of activity, ranging from 1940 to 1960 and attaining about 0.6 2 (Fig. 5b) , but here again, there is a striking difference in the timing of that peak when comparing western and eastern streamflows (Fig. 5a ). There has been no organized activity in that band for the last 40 yr.
The 6-12-yr band (actually 6.06-12.13) is deprived of any organized activity, as revealed by its power Hovmöller (Fig. 6 ). Further, its overall level of activity accounts for only about 0.1 2 . This band will not be considered further in this study since it essentially consists of white noise.
To simplify the correlation analysis between streamflows and teleconnection patterns, the longitudinal structure of the interannual variability in streamflow revealed by the power Hovmöller plots is exploited. Principal component (PC) analysis is used to construct two regional streamflow time series, one for the west and one for the east. This division roughly reflects the local climatology, which is continental in the west, and coastal in the east. In both cases, the leading PC is retained, explaining about 70% of the total variance. The PC western series (Fig. 7a) is constructed from the 10 most western ones (i.e., stations between 75.1Њ-71.25ЊW; Fig.  1 ), while the PC eastern series (Fig. 7b) is constructed from the 8 most eastern ones (i.e., stations between 71.25Њ-67.5ЊW; Fig. 1 ). The actual boundary between coastal and continental climates along the St. Lawrence River does not lie on a fixed line in space. Indeed, some of the central watersheds could have been allocated to either side without changing much the resulting PC series. The proposed organization is put forward for its simplicity and, as shown in Figs. 8 and 9 , since the two PC series do preserve the main interannual features illustrated in the power Hovmöller plots for the 2-3-yr and 3-6-yr wavelet bands. Figure 8 shows the 2-3-yr scale-averaged wavelet power spectra for PC streamflow and teleconnection series considered in this study: west, east, PNA, NAO, NAM, BWA, and ENSO3. The most striking difference between west and east powers are during the 1940s and 1950s, where they present opposite behavior in activity level. However, interannual streamflow activity in the 1940s cannot be investigated in regard to teleconnections since most of them are not available for that period. A similar analysis has been performed for the 3-6-yr band ( Fig. 9 and Table 2 (Ϫ0.81) afterward. East activity is strongly correlated to the NAM (Ϫ0.89) prior to 1970, but to the NAO (Ϫ0.77) and to the ENSO3 (Ϫ0.68) afterward. A striking element in those results is the diversity of response, all teleconnection patterns being involved at some point as the main explanation of the 3-6-yr band streamflow activity, giving a complex picture of mixed teleconnections. It is noteworthy, from Figs. 8 and 9, that the scaleaveraged power of the NAO and the NAM differ considerably, even if according to Wallace (2000) they are two representation of the same phenomenon. Correlation between both indices is 0.22 for the 2-3-yr band, and Ϫ0.05 for the 3-6-yr band. This apparent discrepancy may be due to the fact that we are using mean annual indexes and not winter (December-February) indexes as in Wallace (2000) .
The presence of a change point in northern midlatitude time series have been reported by other investigators. For instance, Kiely (1999) examined 5 decades of hourly precipitation (eight sites) and daily streamflow (four sites) in Ireland using the nonparametric MannWhitney-Pettitt test. He found a significant increase in precipitation and streamflow after 1975. This behavior was associated with the NAO, which also exhibits a similar change point. Chen and Rao (2002) tested the stationarity of midwestern U.S. hydrologic time series through a segmentation analysis, and identified change points between 1960 and 1970 . Perreault et al. (2000 used a Bayesian methodology to identify a change point in the annual series of reservoir energy inflows for the Outaouais basin located immediately northwest of the present study area. They reported a change point around 1979 with approximately 12 yr of standard deviation. Finally, Shabbar et al. (1997b) identified a detectable cooling in winter surface temperature data from 12 stations on coastal eastern Canada and western Greenland since 1970 that was linked to an enhancement of the negative phase of the NAO mode and of the positive phase of the PNA. The change point around 1970, suggested by the present results, opens a slightly different perspective. Change points may not only reflect sudden changes in the intensity of climatic patterns, as depicted by teleconnection indices, they may also be attributed to modifications in the dominating climatic pattern that affects a specific region. Of course, this needs further investigation to be substantiated, but it is clear in the present analysis that the west and east 2-3-yr bands are positively correlated to PNA since 1970, which was not the case prior to that change point. The proposed simple regional east-west divide is particularly evident prior to 1970, with a negative NAM correlation for the west and a positive NAM (and negative ENSO3) for the east. The picture for the less energetic 3-6-yr band is mixed, with alternating dominancy of teleconnection patterns, but the 1970 change point holds.
Conclusions
Wavelet spectrum, from continuous wavelet transform, was used to describe the interannual variability in 18 contiguous southern Québec annual streamflow time series. Observed interannual activity (variance) was organized in preferential bands of wavelet periods (here, equivalent to Fourier periods), namely 2-3, 3-6, 6-16, and beyond 16 yr. However, the span of available observations, 1938-2000, has prevented looking much further than periods of about 12 yr, thus only three bands of wavelet periods were examined in greater details: 2-3, 3-6, and 6-12. This was achieved mainly by scaleaveraged wavelet power spectra at multiple locations, simultaneously assessing the spatial and temporal variability of the streamflow data. The 2-3-yr band showed the highest level of activity, accounting for about 40% of the variance at each site, with peaks between 1945 and 1950 and again between 1975 and 1985 . The 3-6-yr band had an activity level reaching about 25%-30% of the variance at each site. It was characterized by a peak of activity ranging from 1940 to 1960 and no organized activity for the last 40 yr. Finally, the 6-12-yr band activity essentially consisted of white noise, accounting for only about 10% of the variance at each site, and for those reasons was not be considered further in this study. However, the most striking feature in all those spectra was a net distinction between the timing of the interannual variability in local western and eastern streamflows. This opened up the opportunity to construct two regional time series, from principal component (PC) analysis, that were used to identify links with probable teleconnection pattern time series.
In general, correlation between regional streamflows and climatic indices was improved when a change point year, roughly estimated at 1970, is taken into account. For the 2-3-yr band, west was negatively correlated to the NAM prior to 1970, and positively to the PNA afterward. East was positively correlated to the NAM and VOLUME 17 J O U R N A L O F C L I M A T E negatively correlated to the ENSO3 and the PNA prior to 1970, and positively correlated to the PNA afterward. The two predominant patterns for displaying low-frequency variability in the Northern Hemisphere, the PNA, and the NAM (or the NAO), were thus seen to alternate dominance over southern Québec, as long as the concept of change point year is validated. For the 3-6-yr band, much stronger correlations were obtained when the 1970 change point was assumed, than for the time series as a whole. West activity was moderately positively correlated to the BWA and the NAO prior to 1970, and strongly negatively correlated to PNA afterward. East activity was strongly negatively correlated to the NAM prior to 1970, and less strongly negatively correlated to the NAO and to the ENSO3 afterward. A striking element in those results was the alternate influence of the different climatic patterns. However, it is noteworthy that many climatic indices are relatively interlinked over some time period. Therefore, some suitable combination of climatic indices could have been considered. Also, the large temporal difference in variability in west and east streamflows, especially prior to 1970, was an outstanding example of the variability of (regional) streamflow response to broad climatic pattern fluctuations.
